Abstract Enhanced angiogenesis, or capillary growth, has a prominent role among the various beneWcial eVects of exercise training on the myocardium. The aim of the present study is to assess if training-induced increases in capillarity and vascularization persist after 4 weeks of detraining. Adult male rats were trained to run on a treadmill for 10 weeks at »60% VO 2max , which did not induce cardiac hypertrophy, but increased (P < 0.05) the soleus/ body weight ratio, left ventricle capillarity and von Willebrand-positive cell density (n = 6). In another group of animals (n = 6) subjected to training followed by 4-week detraining, the soleus/body weight ratio returned to normal, with only partial reversal of left ventricle capillarity and von Willebrand-positive cell density. Markers of angiogenesis (VEGF, KDR/VEGF-R2 and HIF-1 mRNA, studied by real-time RT-PCR) were upregulated at the end of training, and returned to baseline value after detraining. Electron microscopy highlighted some morphological features in trained hearts (endothelial cell sprouting and bridges and pericyte detachment), suggestive of endothelial cell proliferation and capillary growth that were absent in untrained and detrained hearts. We conclude that the training-induced increase in cardiac capillarity and vascularization are retained for some time upon cessation of the training program even in the absence of angiogenic stimuli.
Introduction
Regular practice of moderate aerobic exercise is widely recognized to be beneWcial for the cardiovascular system (NIH 1995) . Exercise training oVsets many age-related gene expression changes (Bronikowski et al. 2003; Iemitsu et al. 2006) , upregulates a number of cardioprotective and anti-oxidant proteins (Powers et al. 2004 , Marini et al. 2007 , improves contractile function and optimizes energy usage (Ventura-Clapier et al. 2007 ). Moreover, exercise increases the need for oxygen supply in the cardiac muscle, which may be met by the induction of neo-angiogenetic and vascular remodeling processes (White et al. 1998; Brown 2003) ; these, in turn, may trigger prevention of the adverse eVects of coronary artery stenosis and occlusion (Schaper and Ito 1996) .
The mechanisms underlying exercise-induced angiogenesis and vasculogenesis have been extensively reviewed in Conway et al. (2001) , Gustafsson and Kraus (2001) , Brown (2003) , Djonov et al. (2003) , Helisch and Schaper (2003) , Kutryk and Stewart (2003) , Prior et al. (2004) , Bloor (2005) and Yoon et al. (2004) . Despite general agreement about exercise-induced angiogenesis in skeletal muscle, myocardial angiogenesis is less established, especially after moderate exercise in post-pubertal animals (Hudlicka et al. 1992; Brown 2003) . White et al. (1998) demonstrated in a swine heart model that capillary growth is limited only to the early phase of exercise training, and then gives rise to an increase in density and size of arterioles. By contrast, Efthimiadou et al. (2006) reported a signiWcant increase in myocardial angiogenesis at the end of a 2-week intensive training protocol.
Nevertheless, little attention has been paid to the eVects of interrupting exercise-training programs, an event which, in humans, may be produced by an array of causes including physical impairment and loss of motivation in pursuing a Wtness program. For example, 4-8 weeks detraining in humans caused the endothelin-1 and nitric oxide to return to basal levels, these being two molecules involved in exercise-regulated signaling towards the vascular endothelium (Maeda et al. 2001 ). Furthermore, 2-4 weeks of detraining in rats regressed a number of cardiomyocyte parameters associated with aerobic Wtness to pre-training values (Kemi et al. 2004 ) However, to the best of our knowledge, the eVects of detraining on myocardial angiogenesis remain to be investigated.
To start investigating this issue, we used an in vivo model whereby rats were moderately trained (10 weeks, »60% VO 2max ) (Marini et al. 2007 ) followed by 4 weeks of detraining to test the hypothesis whether the cessation of aerobic training could reverse training-induced myocardial angiogenesis. The 4-week detraining period was selected on the basis of the time required for an index of training, e.g., the soleus muscle/body weight ratio to return to the baseline value. To estimate the extension of the vascular network in the left ventricle, we evaluated three parameters: (1) visual examination of microscopic slides for capillarization and vascularization followed by semi-quantitative scoring, (2) manual counting of the capillaries in comparable sections photographed at the same enlargement, and (3) measurement of the size of the von Willebrand factor-positive area. Electron microscopy and mRNA expression data were also considered so as to evaluate ultrastructural changes and the involvement of angiogenetic mechanisms.
Materials and methods

Animals and training protocol
A total of 24 male albino Sprague-Dawley rats aged 9 weeks were placed in individual cages and fed a standard diet without limitations; room temperature was kept at 21 § 2°C; 12 h of light was automatically alternated with 12 h of dark. After 1 week of acclimatization, 12 rats were randomly chosen to run on a six-lane rodent treadmill 1 h a day, three times a week, at 10% grade slope. The speed was gradually increased to reach 25 m/min in 5 weeks, which corresponds to »60% VO 2max (WisloV et al. 2001) , then was maintained constant for a further 5 weeks. Control animals were placed on a non-moving treadmill during the training sessions. At the end of the 10-week training, six rats were randomly chosen for being killed immediately (trained group), while six were caged without exercise for a further 4 weeks before being killed (detrained group). Six sedentary rats (control group) were killed at the same time as the trained rats (at 19 weeks of age) and six at the same time as the detrained rats (at 23 weeks of age). All the experimental evaluations were carried out on all animals of each experimental group.
Animal handling, training protocol and mode of killing were approved by the Ethical Committee on the Use of Laboratory Animals of the Health Authority of Milan (Italy) according to the 86/609/CEE guidelines. Training was carried out according to the American Physiological Society guidelines for exercising rodents on treadmills (American Physiological Society 2006) . Rats were periodically examined by a veterinarian. Food consumption and body weight were evaluated three times a week. Their internal organs, examined by a pathologist on the day they were killed, appeared to be normal and disease-free.
Killing of the rats and heart conservation The rats were anesthetized (100 mg/kg ip heparinized sodium thiopental), weighed and then beheaded. The heart was removed; the blood was accurately drained before the heart was weighed on a precision scale. A »3 mm isodiametric fragment from the left ventricle apex was set apart for electron microscopy (see below), while the remaining part was cut into three pieces of the same size and immediately frozen in liquid nitrogen, then stored at ¡80°C until use.
The soleus muscles were obtained from both the hind legs; they were blotted dry and freed of connective tissue before being weighed on a precision scale. Left and right soleus weight was averaged and related to the body weight.
Light and electron microscopy
The specimen was immediately minced into smaller (<1 mm 3 ) fragments and quickly Wxed with 2.5% glutaraldehyde in 0.1 M phosphate buVer, postWxed with 1% OsO 4 in the same buVer, dehydrated with alcohol, and embedded in araldite. Semithin sections stained with 1% toluidine blue in distilled water at 60°C were selected on the basis of criteria supporting cross-sectioning (mainly myoWbril spatial arrangement), taking care of sampling all fragments, in order to avoid biased selection. A total of 30 identical, nonoverlapping areas per sample, at 800£ magniWcation, were digitalized and evaluated making use of the Olympus soft imaging system set up for the Philips CM10 electron microscope. The total surface evaluated per condition was 2.82 mm 2 . The cardiomyocyte cross-sectional area was evaluated by assessing the maximum and minimum diameter of all cardiomyocytes in the section area, which were averaged. The number of capillaries was evaluated following the visual identiWcation of endothelial cells. Data were expressed as number of capillaries/mm 2 . Thin sections, stained with uranyl acetate and lead citrate, were observed with the same electron microscope (Falcieri et al. 2000) .
Immunohistochemistry
As stated above, the left ventricle was cut into three pieces of the same size before freezing. All pieces were sectioned with random orientation by a cryotome, and four 5 mthick sections/animal, obtained from diVerent fragments, were chosen with the only criterion of avoiding sections with freezing defects. For the identiWcation of endothelial cells, the sections were Wxed in cold 4% paraformaldehyde, marked with rabbit anti-von Willebrand factor antibody (Dako, Denmark), followed by incubation with the antirabbit HRP-conjugated antibody and development of the chromogen reaction with 3,3Јdiaminobenzidine (DAB). The slides were assigned conventional numbers, so that the operator was blind to the training status of the rat. Under the light microscope, at 250£ magniWcation, 30 non-overlapping Welds were randomly selected for each section, avoiding areas with holes, folds, staining defects or large vessels. Images were acquired by a three CCD (charge-coupled device) color video camera (KY F55B, JVC Italia, Segrate MI, Italy) and examined with an image processing software (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA). A speciWc function of the software allows the operator to interactively deWne the speciWc threshold, which permits automatic measurement of the structures intensely brown-stained, excluding any other structure less intensely stained in brown (background staining) or stained with other colors. By means of this system, for each microscopic Weld evaluated, the area stained with anti-von Willebrand factor antibody, identiWed by an intense brown staining and corresponding to the area covered by the endothelial cells present in the microscope Weld, was measured and expressed as a percentage of the total area. The total surface thus evaluated for each condition was 21.6 mm 2 . In the same slides, the number of capillaries was evaluated by three independent investigators, who assigned a score (ranging from 1 to 3, low to high) to the overall capillarity and vascularization. The mean scores obtained by the three observers were then compared with the ANOVA test.
Gene expression
Total RNA was prepared after Trizol™ (Invitrogen) extraction from frozen left ventricle tissue and quality controlled, as previously described (Marini et al. 2007 ). Real-time RT-PCR was performed in an ABI PRISM 5700 real-time thermal cycler using the SYBR Green kit (Qiagen) and by normalizing to the housekeeping gene RPL13a. The primer sequences are reported in Table 1 . . Primers were chosen with the help of the AMPLIFY free software; whenever possible, primers were designed so as to span an exon-exon junction and they were obtained from PROLIGO (Proligo, France SAS). Data were analyzed with the 2 ¡ CT method (Livak and Schmittgen 2001) , taking into account the eYciency of the real-time PCR reaction (PfaZ 2001). Statistical analysis
The diVerences among the groups were evaluated by the ANOVA test followed by the Tukey post-test. Values of P < 0.05 were considered to be statistically signiWcant.
Results
EVect of training and detraining on body, heart and muscle weights and evaluation of cardiac hypertrophy
At the end of training, the rats were leaner than the sedentary controls, with an increased soleus-to-body weight ratio, which shows that training was eVective to increase the relative skeletal muscle mass (Table 2 ). Training did not aVect either the absolute heart weight or the heart-tobody weight ratio. Furthermore, the cardiomyocyte crosssectional area, evaluated from semithin sections at 800£ magniWcation, was the same in the control and the trained rats, thereby excluding onset of cardiac hypertrophy in this model. After detraining, both body and heart weights increased as expected (Hanson 2007) , but the heart-to-body weight ratio and the cardiomyocyte cross-sectional area remained unchanged. By contrast, the soleus-to-body weight ratio returned to near the control value.
Capillaries, endothelial cell count and vascularization
To assess cardiac vascularization, we employed three methods, independent of each other, and applied to a fairly large number of experimental animals, sections and microscope Welds. We were conWdent that this choice would allow an accurate assessment of angiogenesis and vascularization. First, three trained researchers examined immunostained (anti-von Willebrand factor antibody) slides, scoring the amount of stained areas on a 1-3 scale (minimum to maximum). Whereas sedentary controls received the lowest score, trained and detrained rats received a medium-to-high score (Fig. 1a) .
Second, the number of capillaries per surface unit, or capillary density, was evaluated in toluidine-blue stained semithin sections of the left ventricle (Fig. 1b) with the aid of an Olympus imaging software. Representative images of toluidineblue stained semithin sections are shown in Fig. 2a-c . The 10-week mild exercise training doubled the capillary density, whereas detraining returned the density to near control value.
Third, the area occupied by endothelial cells was evaluated in anti-von Willebrand factor antibody-stained slides and expressed as a percentage of total area (Fig. 1c) . Whereas training doubled this parameter with respect to sedentary controls, detraining did not have any appreciable eVects. Representative images of immunohistochemically stained left ventricle sections are shown in Fig. 2d-f .
The reliability of our assesment of angiogenesis is supported by the high similarity of the results obtained using the three methods, although results reported in Fig. 1b were obtained with semithin sections from the left ventricle apex and those reported in Fig. 1a and c with sections from the remaining part of the ventricle.
Electron microscopy
Evidence of training-related cardiac neoangiogenesis, gathered from light microscopy and immunohistochemistry, was supported by electron microscopy observations. Thus, a very common Wnding in left ventricle samples from trained, but not from untrained or detrained subjects, is a sort of thin bridge, which appears to divide the capillary lumina and is presumably suggestive of intussusceptive growth or sprouting (Fig. 3 ). Figure 3b , shows a pericyte detached from the vessel wall, a Wnding which is generally associated with the vessel hyperdilatation that precedes the formation of new capillaries (Bergers and Song 2005) .
Gene expression
Messenger RNA expression of VEGF, VEGF-R2 and HIF-1 alpha, evaluated by real-time RT-PCR, was found signiWcantly increased in the left ventricle samples of trained rats, Table 2 Body and heart weight, cardiomyocyte cross-sectional area, heart-to-body and soleus-to-body weight ratio (mean § SD) whereas detraining reversed such training-induced increase in gene expression (Fig. 4) . On the other hand, bFGF mRNA expression did not show any signiWcant trainingrelated changes.
Discussion
In this study, we evaluated some parameters of myocardial angiogenesis in an in vivo model, whereby moderate exercise training did not induce cardiac hypertrophy, yet increased the relative skeletal muscle mass. Detraining restored the latter parameter. We showed that training increased myocardial angiogenesis concomitantly with upregulation of VEGF, KDR/VEGF-R2 and HIF-1 alpha. One month's detraining partially reversed the eVects induced on angiogenesis by training, with complete reversal of the mRNA expression of angiogenetic factors. Angiogenesis and vascular remodeling require the proliferation of endothelial and vascular smooth muscle cells, together with rearrangements and possibly expansion of the extracellular matrix. The neoformation of myocardial blood capillaries in swimming-exercised animals was initially reported by Ljungqvist and Unge (1973) and related to the resulting cardiac hypertrophy observed. Since then, conXicting reports have been published (Laughlin and Tomanek 1987; Hudlicka et al. 1992; White et al. 1998; Efthimiadou et al. 2006) . As discussed by Brown (2003) , such discrepancies may be due to the age of animals and to the timing of observations; for instance, it appears that exercise induces cardiac capillary growth, but this is rapidly followed by vascular remodeling, which leads to an increase in the number and size of arterioles (White et al. 1998) . Thus, reports on exercise-induced angiogenesis, which focus on capillary density fail to convey the global picture of exercise-induced increase in cardiac blood supply.
In an attempt to overcome such limitations, we decided to employ the three approaches as described: (1) overall assessment of the status of tissue capillarity and vascularization; though subjective, this approach is very eVective when applied by experienced workers blind to the identity of the slides; (2) evaluation of capillary density in semithin sections by morphometric analysis, the most widely used approach (see, for instance, Efthimiadou et al. 2006) ; since the training protocol adopted did not induce cardiac hypertrophy, the observed increase in myocardial capillary density corresponds to an increase in the capillary-to-Wber ratio as well; (3) evaluation of von Willebrand-positive endothelial cells in a semi-automated way by means of an image processing software. This approach allowed us to quantify the total vascular surface, including the arteriole area, thus a cryosections were immuno-stained with anti-von Willebrand factor antibody and examined by three investigators who scored the level of capillarity and vascularization on a scale of 1 (minimum) to 3 (maximum). b Capillaries were counted at £800 magniWcation in toluidine blue-stained semithin sections with the aid of an Olympus imaging software and their number was referred to a 1 mm 2 area. c Immuno-stained (anti-von Willebrand factor antibody) images were evaluated at £100 magniWcation. The area corresponding to that covered by the endothelial cells was quantiWed by image analysis and expressed as a percentage of the total area. ANOVA yielded P = 0.0002, 0.0002 and <0.0001, respectively. * P < 0.05 (Tukey post test) versus control accounting not only for neo-angiogenesis (the de novo formation of capillary vessels), but also for transformation of capillaries into pre-capillary vessels and vascular remodeling by an increase in the diameter of pre-existing arterioles and venules. All these events have in common an increase in the number of endothelial cells present in the section to be examined. Although the sampling criteria did not strictly follow the methods suggested for stereological estimation of heart histological sections (Bruel and Nyengaard 2005) , we judged that the chance of falling into the pitfalls of morphometry (Weibel et al. 2007 ) was minor because of random sampling and high number of counting events.
In summary, these approaches indicate that angiogenesis in the left ventricle does increase following a 10-week mild exercise training; however, this feature does not appear to be a permanent modiWcation, becase it is subjected to a slow and partial reversal. Notably, electron microscopy lends support to light microscopy observations in showing training-induced angiogenesis.
It may be worth mentioning that the rats, which entered the study described here, were 9 weeks of age, i.e., young, sexually mature animals. Their weight at the end of the 10-week training program (>550 g, Table 2 ) was higher than that of rats studied by Efthimiadou et al. (2006) (330-400 g) , which suggests that exercise-induced angiogenesis is not limited to young animals (Brown 2003) . Moreover, no cardiac hypertrophy was induced in our study, as demonstrated by the absence of diVerences in the heart-to-body weight ratio and in the cardiomyocyte diameter between sedentary and exercised rats. This suggests that an increase in cardiac blood supply can be obtained with mild training protocols that do not induce extensive cardiac remodeling, a datum that may be relevant when diVerent protocols of exercise-induced cardioprotection are evaluated for application in humans.
The eVect of 4 weeks of detraining on the newly formed capillaries was undoubtedly that of a tendency to reversal, although the three approaches we adopted gave somewhat diVerent results, with only the capillary count resulting in a statistically signiWcant decrease. We believe that this may be due to an underestimation of the very small capillaries, bounded by a single endothelial cell, which are diYcult to distinguish with aspeciWc staining, even if the observation is made at high magniWcation (800£). This may suggest that reversal of neo-angiogenesis follows the inverse pathway of formation, with an initial reduction in their diameter before disappearing.
Exercise may generate repeated bursts of ischemia and hypoxia (Brown 2003) and, moreover, deeply aVect the physical and hemodynamic forces (shear stress, pressure, stretch and compression). Altogether, these stimuli are likely to be the initiator events, directly or indirectly triggering the upregulation of a number of growth factors and of their cognate receptors on the target cells. Vascular endothelial growth factor (VEGF), and VEGF receptor 2 (KDR/Flk1) appear to be suYcient for the complete exercise-induced angiogenic response (Conway et al. 2001; Gigante et al. 2004; Bloor 2005) . VEGF also upregulates the expression of matrix metalloproteinases, required for matrix remodeling and penetration of newly formed vessels Fig. 4 Real-time RT-PCR: expression (mean § SD) of some angiogenesis-related genes in rat left ventricles. Data were normalized to the housekeeping gene RPL13a. ANOVA yielded P = <0.0001 for all except bFGF (NS). * and # indicate P < 0.05 (Tukey post-test) versus control and trained, respectively (Wang and Keiser 1998) . The role of VEGF in relation to the exercise-induced modiWcations of skeletal muscles, the mode of capillary growth (by intussusceptions rather than sprouting) and the mechanical forces involved have been thoroughly discussed by Brown and Hudlicka (2003) . The real-time RT-PCR data reported here show that moderate exercise training upregulated VEGF and VEGF-R2, but not bFGF, expression. It has been shown that the intramuscular administration of bFGF increases myocardial angiogenesis (Efthimiadou et al. 2006) ; however, the present data suggest that exercise training exerts its angiogenic eVect in the absence of bFGF upregulation. The Wnding that also HIF-1 alpha expression was increased is indicative of an involvement of hypoxia signaling in exercise-induced VEGF upregulation (Brown 2003) . Thus, it is not surprising that the upregulation of VEGF signaling subsides upon cessation of stimulating messages. Long-term maintenance of the newly acquired vascularization would very likely require the persistence of positive stimulation.
Moderate exercise training shares some of the signaling pathways (Hearse 1994 ) and most of the induced array of antioxidant and protective molecules (Yellon and Downey 2003; Marini et al. 2007 ) with other preconditioning stimuli, such as repeated bursts of intense physical exercise. The results presented here show that, at variance with such stimuli, moderate exercise training also induces some anatomical adaptations to the increased need for oxygen supply, which may be relevant in providing cardioprotection even at a distant time from the training sessions. Future work will be devoted to the evaluation of training-induced cardioprotection in detrained animals.
The above-mentioned training-induced angiogenic and vascular remodeling are likely to ameliorate cardiac blood supply. It is worth noticing that they may be accomplished by adopting a moderate training protocol, which does not induce cardiac hypertrophy, and which are long-lasting. In fact, our data suggest that the exercise-induced modiWcations of myocardial microcirculation persisted, at least in part, for 4 weeks upon cessation of training, despite the fact that the expression of angiogenic factors returned to baseline. All animal exercise protocols derive their interest from the assumption that training may exert the same eVects on rats and humans. However, we believe that it would be of little interest to study the time course of the detraining-induced reversal of angiogenesis in rats, given the diVerences in rat and people's life spans. It has been suggested that in adulthood, each rat month is roughly equivalent to 2.5 human years (Ruth 1935) . If this is true, the partial persistence of training-induced angiogenesis in the rat after 4 weeks of detraining may contribute to motivating people's practice of moderate aerobic training.
